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The purpose of this study was to determine the value of
two-dimensional echocardiography in detecting constric-
tive pericarditis. Serial two-dimensional echocardiog-
raphy was performed in eight closedchest consciousdogs
with experimental constrictive pericarditis, using a new
model that creates constrictive pericarditis by the intro-
duction of a pericardial irritant mixture. Constrictive
pericarditis was confirmed in these dogs by cardiac cath-
eterization and pathologic examination. Four patients
with constrictive pericarditis and three patients with re-
strictive cardiomyopathy (amyloidosis) were also stud-
ied. Analysis of short-axis two-dimensional echocardlo-
grams was performed to determine the frame by frame
change in left ventricular cavity areas throughout di-
astole. Curves of diastolic left ventricular cavity area
change versus percent duration of diastole were con-
structed for each animal and human subject. Pericardial
thickness was measured at various gain settings on two-
Constrictive pericarditis is an uncommon but serious clinical
problem that is frequently difficult to diagnose without re-
sorting to invasive techniques (1-3) . No reliable noninva-
sive diagnostic approaches are available . Previous investi-
gators (4- 12), using M-mode echocardiography, have
described abnormalities of interventricular septal and left
ventricular posterior wall motion and of the echocardio-
graphic appearance and thickness of the pericardium. How-
ever , the accuracy and usefullness of these abnormalities
for demon strating constrictive pericarditis is uncertain , and
the M-mode echocardiographic technique has not been un-
iformily accepted for the diagnosis of pericardial constriction.
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dimensional and M-mode echocardiograms and at post-
mortem examination.
In dogs with constrictive pericarditis, the echocar-
diograms seriously overestimated and correlated poorly
with pathologic measurements of pericardial thickness.
In dogs after constrictive pericarditis developed, 69 ±
11% (mean ± SD) (range 50 to 84) of cavity area change
occurred in the initial 30% of diastole compared with
35 ± 7% (range 20 to 45) in control two-dimensional
echocardiograms (p < 0.001). Four patients with con-
strictive pericarditis showed similar accelerated cavity
expansion in early diastole, but three patients with car-
diac amyloidosis showed more variable left ventricular
diastolic expansion rates. It is concluded that two-di-
mensional echocardiograms can demonstrate character-
istic diastolic filling abnormalities in constrictive peri-
carditis, but cannot accurately measure pericardial
thickness.
Two-dimensional echocardiography has proven merit in
the diagnosis of pericardial effusion, but its usefulness in
detecting constrictive pericarditis is not known. In this study,
we focused on two characteristic feature s of constrictive
pericarditis: abnormal diastolic ventricular filling and thick-
ened pericardium. We assessed the ability of two-dimen-
sional echocardiography to demonstrate these abnormalities
in a new canine model of constrictive pericarditis , in patient s
with constrictive pericarditis and in patient s with a restricti ve
cardiom yopathy (cardiac amyloidosis).
Methods
Experimental Studies
Experimental preparation. Eleven mongrel dogs,
weigh ing 16 to 30 kg, were anesthetized with pentobarbital
(30 mg/kg intravenously) , intubated with a cuffed endotra-
cheal tube and ventilated with a Harvard respirator. The left
side of the chest was entered through the fourth intercostal
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space, and the pericardium was cannulated with a size 8
polyethylene catheter using a purse-string suture. We used
a pericardial irritant mixture to induce constrictive pericar-
ditis. The irritant mixture consisted of tincture of iodine (20
cc), Dakins solution (20 cc), sterile talcum powder (l ta-
blespoon) and tetracycline hydrochloric powder (l g). Each
of these agents has been used in the past to produce peri-
cardial inflammation (l, 13,14). Twenty cc of this mixture
was introduced into the pericardial space through the in-
dwelling catheter. Then the catheter was removed. We su-
tured the entry site tightly and placed a cyanoacrylate ester
glue over the suture and surrounding areas to achieve a seal.
We took care to avoid spilling the irritant mixture outside
the pericardial cavity during the procedure. We closed the
chest and placed a chest tube connected to an underwater
seal to remove air and prevent atelectasis. After surgery,
the dogs were allowed to recover.
Experimental protocol. Control two-dimensional echo-
cardiographic recordings were obtained on each dog in the
conscious state before surgical creation of constrictive per-
icarditis. The gain settings of the ultrasonoscope at this time
were carefully recorded. After this echocardiogram, the dogs
underwent thoracotomy for instillation of the pericardial
irritant mixture. After recovery from surgery, they were
watched closely for the development of ascites and edema;
they were weighed twice weekly. When the dogs developed
noticeahle ascites and edema at 3 to 6 weeks after surgery,
follow-up two-dimensional echocardiography was per-
formed again in the conscious state, taking care to use the
same ultrasonoscope gain settings used in the control study.
After the follow-up echocardiographic recordings were ob-
tained, the animals were sedated with pentobarbital. While
the dogs were still conscious and breathing spontaneously,
right and left heart catheterization was performed to confirm
the presence of constrictive pericarditis. Then the dogs were
killed with intravenous potassium and an autopsy was per-
formed. The amount of pericardial, pleural and ascitic fluid
was noted. The heart was sliced into sections that corre-
sponded to the short-axis two-dimensional echocardio-
graphic images for correlation of anatomic pericardial thick-
ness with echocardiographically measured thickness.
Echocardiographic studies. Two-dimensional echo-
cardiographic studies were obtained using a Toshiba SSH-
lOA sonolayergraph and a 2.4 MHz phased-array trans-
ducer, with the dog lying in a right lateral decubitus position
on a specially prepared table. For this study, we emphasized
the short-axis papillary muscle tomographic cardiac view.
The image processing and display adjustments of the two-
dimensional echocardiographic device were manipulated to
obtain an optimal image in the control recording.
To study the effect of variations in ultrasonic gain on
two-dimensional echocardiographic measurements of the
thickness of the pericardium, in each echocardiographic ex-
aminalion we varied the gain by serial 5 dB alterations to
delineate the endocardial, epicardial and pericardial echo-
cardiograms at each gain level. These receiver gain alter-
ations were done from virtually complete image dropout
(usually at 30 to 35 db on our system) to image saturation.
The images were recorded on videotape. We also obtained
M-mode echocardiographic recordings by cursor from two-
dimensional recordings from five randomly selected dogs.
The gain was similarly varied, and the recordings made
using hard-copy paper printout. The ultrasonoscope gain
settings were rioted on the paper as the M-mode recordings
were obtained.
Echocardiographic analysis. The thickness of the
"pericardial" echo was measured in the short-axis record-
ings obtained with the transducer aimed at the papillary
muscle level, using different gain settings as noted. The
"pericardial" echocardiogram actually represents a merger
of ultrasonic reflections from both epicardium and pericar-
dium. Pericardial echo thickness measurements were done
along the central sector line to take advantage of the best
possible (axial) echocardiographic resolution; pericardial echo
thickness measurements to either side of this line (that is,
lateral measurements) were specifically avoided because the
lateral resolution of the echocardiographic technique is known
to be poorer than the axial resolution. The two-dimensional
echocardiographic pericardial thickness measurements were
made directly on the video monitor by manual calipers,
avoiding parallax, from frames at end-diastole. If there ap-
peared to be two distinct pericardial echoes (namely, vis-
ceral and parietal pericardium) in the postconstriction state,
two separate measurements were made.
At the time this study was originally performed, we did
not have the electronic calipers that are now available. To
validate the technique of making measurements by manual
calipers directly from the video monitor, we subsequently
remeasured pericardial thickness by the video monitor-man-
ual caliper technique and compared these measurements
with electronic caliper measurements of pericardial thick-
ness made on the same frozen-frame images in five randomly
selected dogs. We also made pericardial thickness mea-
surements from the M-mode recordings that had been ob-
tained. These were compared with another set of manual
caliper measurements from two-dimensional images made
at the same ultrasonoscope gain setting used with the M-
mode recordings. Two different gain settings were measured
in each dog. The original pericardial echo measurements
were subsequently compared with the anatomic pericardial
thickness measured from corresponding locations in the
pathologic short-axis slices of the heart using a location-
matching technique described later.
Left ventricular cavity area change in diastole was de-
termined as an index of left ventricular filling. We analyzed
the pattern and rate of left ventricular cavity expansion from
the short-axis two-dimensional echocardiographic images
recorded at the papillary muscle level. Using slow motion
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video playback . we traced the endocardia l echo on a frame
by frame basis , throughout the cardiac cycle. In tracing. the
echoes from the papillary muscles were excluded from the
cavity area . The cavity areas were then measured by plan-
imetry. This method is time consuming and tedious . Since
all the dogs had sinus rhythm and a stable heart rate during
the echocardiographic examination, we performed this anal-
ysis on one representative cardi ac cycle from the control
and then constriction recordin gs. We considered the smallest
cavity area as end-systole and the largest as end-diastole.
The difference between the two was taken to indicate the
change in total cavity area; left ventricular cavity area in
each diastolic frame was then expressed as a percent of the
total cavity area. Left ventricular diastole was defined as
the time from the smallest to the largest ventricular cavity
size before the onset of contraction. The elapsed time at
each frame was then expressed as a percent of the duration
of diastole. Using this approach , curves of the left ventric-
ular cavity a.rea change during diastole were constructed for
each dog. All echocardiographic tracings and measurements
were done by one observer.
Cardiac catheterization. We measured the pressures
from the right atrium , right ventricle, pulmonary artery and
left ventricle using Statham P23ID transducers at the mid-
chest level. RIght heart pressures were recorded simulta-
neously with the left ventricular pressure.
Pathologic examination. After the dogs were killed, the
abdomen and the chest were opened and the ascitic and
pleural fluids were drained and measured . The heart was
removed carefully along with the pericardium . A small stab
incision was made in the pericardium at the cardiac apex
and the pericardial fluid, if present , was drained and mea-
sured. The heart was then fixed in 10% formaldehyde and
later was sliced in the short-axis orientation at the high
papillary muscle level for compari son with echocardio-
graphic measurement. To ensure that we were performing
the anatomic pericardial thickness measurements at a lo-
cation as close as possible to where the echocardiographic
measurements had been obtained, we oriented the patho-
logic slices so as to match the orientation of the echocar-
diographic-tomographic sections, using the papillary mus-
cles and right ventricle-septal junctions as internal landmarks.
Then the anatomic measurements were made along a line
that bisected the slices, equivalent to the central echocar-
diographic sector line. If the visceral and parietal pericar-
dium were adherent, a single thickness measurement was
done; if they were separate, separate measurements were
performed. The observer making these measurements was
unaware of the echocardiographic measurements of peri-
cardial thickness. Some alteration of pericardial shape and
thickness due to formalin fixation may have occurred; we
did not specifically study the extent of this effect in our
specimens.
Atrial pacing studies. Heart rate in the dogs increased
from 94 ± 7 beats/min in the control state to 134 ± 17
beats/min after development of constrictive pericardit is.
Therefore, to evaluate the effect of heart rate changes alone
on ventricular cavity area expansion, we performed echo-
cardiographic examinations in three additional dogs before
and after atrial pacing. Using the techniques previously out-
lined , ventricular cavity area change curves were con-
structed from two-dimen sional echocardiographic studies
obtained at atrially paced heart rates of 95 and 135 beats/min.
Human Studies
We reviewed all available two-dimens ional echocardio-
grams of patients with constrictive pericarditis and restric-
tive cardiomyopathy. Technically adequate studies were
available from four patients with constrictive pericarditis
and three patients with restrictive cardiomyopathy (cardiac
amyloidosis). The diagnosis of systemic amyloidosis was
Table 1. Hemodynamic and Pathologic Features of the Individual Animals
Catheterization Data: Pressures (mm Hg) Pathologic Findings
Weight Square Pericardial
Heart Rate Gain RA RV PA LV Root Pericardial Fluid Pleural Fluid Ascitic Fluid
Dog Control Final (kg) (mean) (D) (5/0) (S/D) Sign Thickening Amount (ec) Amount (liters) Amount (liters)
i 9S 130 S 14 16 24/ IS IOS/17 Yes Yes 10 0 5
2 93 126 6 17 16 28118 10011 8 Yes Yes 20 3 S
3 90 120 I Catheterization not completed Yes 20 0 4
4 9b ISO 7 IS is 30/ IS 11O/IS Yes Yes 20 0 6
S 8S 12S S 19 23 43/24 80123 Yes Yes 30 I 4
6 100 120 S 18 18 IS/ :±8 100/18 Yes Yes ISO 2 3
7 96 130 5 Cat heterization not comple ted Yes 0 0 4
8 106 170 6 20 20 4112 1 100/20 Yes Yes 10 1 4
Mean 94 134 5 17 18 32 ± 8/ 99 ± 10/ 33 I 4
± SO ± 7 ± 17 ± ± 2 ± 2 19 ± 4 19 ± 2 ± 18 ± 0 ± 0
LV = left ventricle; PA = pulmonary artery; RA = right atrium; RV = right ventricle; SO = standard deviation; 5/0 = systolic/end-diastolic.
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Figure 1. A postmortem transverse slice of the heart at papillary
muscle level after the development of constrictive pericarditis in
a dog. Both the visceral (open arrows) and parietal (solidarrows)
layers of the pericardium are diffusely and grossly thickened.
established by rectal biopsy (one patient), gingival biopsy
(one patient) and muscle biopsy (one patient); all three pa-
tients had very thick-walled ventricles and a striking "spar-
kling" appearance of the myocardial echocardiogram, which
is characteristic of cardiac amyloidosis. the four patients
with constrictive pericarditis had all undergone cardiac cath-
eterization, which demonstrated diastolic equilibration (within
2 mm Hg) of all intracardiac pressures, and typical "dip
and piateau' ventricular waveforms. Left ventricular cavity
area expansion curves in these patients were constructed
from two-dimensional echocardiograms and were compared
with similar curves constructed from four age-matched nor-
mal subjects with no cardiovascular disease. Echocardio-
graphic pericardial thickness measurements were not ana-
lyzed because quantitative anatomic measurements were not
available for comparison and because, in contrast to the
animal studies, the ultrasonoscope sensitivity settings had
not been systematically recorded and controlled in the patients.
Statistical Analysis
In the animal studies, each dog served as its own control.
The echocardiographic percent change in left ventricular
diastolic cavity area curves in the control and constriction
states were compared at each 10% increment in duration of
diastole. This Was accomplished by using a paired t test to
compare the cavity area at 10% duration of diastole in con-
trol versus 10% in constriction, 20% in control versus 20%
in constriction, and so on. Each set of data points was thus
subjected to only one paired comparison. In human studies,
the two-tailed t test for unpaired samples was used to test
the significance of differences in observed measurements of
change in left ventricular cavity area between the normal
subjects and the patients with constrictive pericarditis at
similar 10% increments in diastolic duration.
In the animals, the relation between the pericardial thick-
ness as depicted echocardiographically and that measured
pathologically was defined by linear regression analysis. All
data are expressed as mean ± standard deviation.
Results
Postoperative course. Of the 11 dogs, 2 died within
a few days of surgery; 1 of infection and the other of cardiac
tamponade. A third dog failed to develop clinical features
of constrictive pericarditis during a 2 month postoperative
observation period. This dog had normal hemodynamic val-
ues at catheterization performed 2 months after instillation
of pericardial irritant mixture; when the dog was killed and
the heart examined, the pericardium appeared normal. Data
from these three dogs were excluded.
The other eight dogs developed ascites and neck edema
and gained weight during a period of 3 to 6 weeks after
surgery, at which time they underwent follow-up echocar-
diographic studies. The average weight gain was 5 kg (range
1 to 7). We also obtained interim echocardiographic re-
cordings on a few dogs to monitor the course of the ab-
normalities. These interim recordings showed that small- to
moderate-sized pericardial effusions developed early after
CONTRO L CONSTRICTION
Figure 2. Two-dimensional echocar-
diographic short-axis images at thelevel
of the papillary muscle in the control
stateand after.the development of per-
icardial constriction in a dog. These
images were obtained at identical ul-
trasonoscope sensitivity settings. The
pericardial echo is reduplicated and
thicker after the development of con-
strictive pericarditis.
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surgery; much of this fluid later disappeared. Probably the
irritant mixture initially produced acute pericarditis with
some pericardial effusion, which then rapidly progressed to
chronic constriction.
After the final echocardiographic examination, all eight
dogs underwent cardiac catheterization. Catheterization Was
completed in six dogs; the other two developed ventricular
fibrillation during cardiac catheterization and could not be
resuscitated (these two had clinical and pathologic features
of constrictive pericarditis).
Hemodynamic findings (Table 1). The heart rate in-
creased from 94 ± 7 beats/min in the control state to 134
± 7 at the final echocardiographic examination. At cardiac
catheterization, hemodynamic values were found to be con-
sistent with constrictive pericarditis physiology in the six
dogs in which cardiac catheterization could be completed.
The mean right atrial pressure and the diastolic pressures in
the right ventricle, pulmonary artery and left ventricle were
elevated with diastolic equilibration. Characteristic pressure
wavefotms ("dip and plateau" appearance of the right ven-
tricular diastolic pressure) were present in all dogs.
Pathologic findings (table 1). A considerable amount
of ascitic fluid was present in all the dogs, with an average
amount of 4 liters. A moderate quantity of pleural fluid
(average 1 liter) was present in four of the eight dogs. A
small amount of bloody pericardial fluid was present in six
dogs (range 10 to 30 cc); one dog had no fluid in the per-
icardium and the remaining dog had 150 cc of fluid. The
pericardium was leathery and diffusely thickened in all eight
of these dogs (Fig. 1). The visceral and parietal pericardium
were generally adherent in multiple locations. The thickness
of the pericaridum ranged from 0.5 to 6.5 mm.
Pathologic and echocardiographic correlation of peri-
cardial thickness. Animal studies. The anterior pericardial
echo was not well visualized in the control echocardio-
graphic recordings and thus it could not be measured or
used for paired data. It was generally well visualized after
constriction developed (Fig. 2 to 4). The posterior pericar-
dial echo usually appeared bright and well visualized, and
its thickness could be measured easily. As noted in the
Methods section, we performed the echocardiographic re-
cordings at multiple gain settings from very low (image
dropout) to very high (image saturation). As an example of
the effect of the induction of constrictive pericarditis on
pericardial thickness measurements, Figure 5 shows the
change (paired data) in the echocardiographic posterior per-
Figure 3. Method of generating M-
mode echocardiogram (bottom) from
the two-dimensional recording (top)
by cursor in a dog after development
of constrictive pericarditis. Arrows
point to the thickened anterior and
posterior pericardial echoes.
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Figure 4, M-mode echocardiographic recordings in
the control state and after constrictive pericarditis. These
recordings were obtained at identical ultrasonoscope
sensitivity settings. In the control recording, the pos-
terior pericardial echo (open arrow) is well seen, while
the anterior pericardial echo is not. After constrictive
pericarditis has developed, both pericardial echoes are
thick and easily seen (closed arrows). Pericardial and
pleural effusions have developed also.
4 •
CONSTRICTION
icardial thickness from the control state to the postconstric-
tion state measured at 40 dB. At 40 dB, the mean thickness
of the posterior pericardial echocardiograms in the control
study was 3.5 ± 0.7 mm; it increased to 5.6 ± 1.1 nun
(p < 0.01) after development of constrictive pericarditis.
In each dog, there was an increase in the pericardial echo
thickness in the final study However. there was consider-
able overlap between the two sets of measurements. At this
gam setting, three control measurements and four postcon-
strictum measurements were in the range of 4 to 5 mm
thickness. We observed similar overlap at the other gain
settings we evaluated.
Comparison of the echocardiographic pericardial thick-
ness with anatomic thickness after the development of con-
striciion is shown in Figure 6: both anterior and posterior
pericardia! thickness measurements are shown. In some dogs,
separate visceral and parietal pericardial echoes were seen
and measured, but in most dogs only a single pericardial
echo was evident. The correlation between the anatomic
measurement and two-dimensional ecnocardiographic mea-
SUH::IlJent was poor (I' = 0.58). The latter measurement
overestimated the true pericardial thickness. Moreover, the
thickness of the pericardial echo was gain-dependent; the
overestimation worsened as the gain settings were increased
from 40 to 60 dB (Table 2). At settings lower than 40 dB,
image dropout precluded measurements.
Manual versus electronic caliper measurements. Table
3 shows the comparison of two-dimensional echocardio-
graphic pericardial thickness measurements by manual cal-
ipers from the video monitor compared with electronic cal-
iper measurements in five dogs. The correlation is good (I'
"" 0.87), supporting the accuracy of the manual caliper
method that we originally used.
Table 4 shows the comparison of pericardial thickness
measurements by M-mode and two-dimensional echocardi-
ography at the same ultrasonoscope sensitivity settings. The
correlation is good (I' = 0.89).
Human studies. Anatomic measurements were not avail-
able in patients for comparison with echocardiographic data.
However, qualitative evaluation of the real time two-di-
mensional echocardiographic images usually allowed iden-
tification of a thickened bright pericardium in our patients.
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Figure 6. Anatomic-echocardiographic correlation of anterior and
posterior pericardial thickness measurements after the development
of constrictive pericarditis in eight dogs. All two-dimensional
echocardiographic (2-D Echo) measurements were made at a gain
setting of 40 dB gain. Two-dimensional echocardiographic mea-
surement overestimated the true pericardial thickness , and the cor-
relation between echocardiographic measurement and anatomic
measurement was poor (solid line).
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Figure 5. Two-dimensional echocardiographic (2-D Echo) mea-
surements of posterior pericardial thickness before (open circles)
and after (closed circles) development of constrictive pericarditis
in dogs. In each individual dog, there was an increase in the
pericardial echo thickness after the development of constrictive
pericarditis. However , there was considerable overlap between the
two sets of measurements . SD = standard deviation.
Left ventricular diastolic filling on two-dimensional
echocardiogram. AnimaL studies (Fig. 7). In the control
state , the mean diastolic cavity area change curve, an index
of left ventricular filling, showed a steady increase through-
out diastole. When 30% of diastole was completed , 35%
(mean) of left ventricular expansion had occurred; at com-
pletion of 50% of diastole , 56% (mean) of left ventricular
expansion had taken place. In contrast , the left ventricular
cavity area change curve in the final echocardiographic study
after development of constrictive pericarditis showed much
faster initial diastolic expansion , wtih 69% of change having
been completed by 30% of diastole . At 50% of diastole,
80% of change had occurred. Not only was there a difference
between these composite curves, but also in the individual
dogs , there was a complete separation of the curves in con-
strictive pericarditis compared with control curves at 30%
of diastole ; that is, when diastole was 30% completed, no
individual animal's control measurement showed more than
41% change and no individual constriction curve showed
less than 48% change .
Human studies (Fig. 8) . In the four normal subjects,
21% of left ventricular cavity change occurred during the
first 30% of diastole and 56% occurred during the first half.
All four patients with constrictive pericarditis showed rapid
early diastolic left ventricular expansion that was strikingly
similar to findings in the dogs with constrictive pericarditis;
in the patients, 60% of change occurred during the first 30%
of diastole and 80% of change was completed during the
first half of the diastolic filling period.
The three patients with a restrictive cardiomyopathy
showed more variable change in diastolic cavity area than
did normal subjects. One patient's curve was very similar
to that of the patients with constrictive pericarditis (66% of
area change during the first 30% of diastole , 82% during
the first half). One patient's curve lay between the normal
curve and that of the patients with constrictive pericarditis.
In the third patient, early diastolic change was somewhat
slower than normal (12% of change during the first 30% of
diastole and 37% during the first half of diastole).
Effect of increased heart rate on left ventricular cavity
expansion. In the three normal dogs that underwent atrial
pacing, the ventricular expansion curve at a heart rate of
95 beats/min was similar to the control curves in the dogs
with constrictivepericarditis. At a paced rate of 135 beats/min,
the diastolic cavity area change curve did not show the
increased expansion in early diastole that was observed in
the postconstriction curves; rather, during atrial pacing the
curves showed decreased change in early diastole. Only 19%
of expansion occurred by 30% of diastole ; by the end of
the first half of diastole , 54% of the change in cavity area
had occurred . Thus , in the dogs that developed constrictive
pericarditis, tachycardia alone was not the cause of the more
rapid initial diastolic expansion.
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Table 2. Pericardial Thickness Measurements in Eight Dogs: Correlation of Anatomic
Measurements (x) With Echocardiographic Measurements Obtained at Different Ultrasonoscope
Sensitivity Settings (y)
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Sensitivity Setting Regression Equation r Value
60 dB
50 dB
40 dB
30 dB
Discussion
The principal findings of this study ike: I) two-dimen-
sional echocardiography can demonstrate abnormally rapid
left ventricular diastolic expansion in constrictive pericar-
ditis and this appears to be characteristic of, but not nec-
essarily unique to animals and patients with this condition;
and 2 I echocardiographic pericardial thickness measure-
ments overestimate and correlate poorly with true pericardial
thickness when measurements are performed as in our study.
Pathophysiology of left ventricular filling in constric-
tive pericarditis. Constrictive pericarditis is characterized
by a thickened and rigid pericardium that checks and restricts
diastolic expansion of the ventricles (1-3). Since further
diastolic filling must be very limited once the fixed intra-
pericardial volume limit is reached, the majority of ven-
tricular filling occurs during the early part of diastole, which
implies that filling during this initial portion of diastole must
be unusually rapid. This is supported by Tyberg et al. (15,16),
who analyzed single plane right anterior oblique ventricu-
lograms and showed that cavity expansion during early di-
astole was significantly faster in patients with constrictive
pericarditis than in normal subjects. Several M-mode echo-
cardiographic studies (11,12,17) have described abnormal-
ities of wall motion and ventricular expansion that are com-
patible with the altered pattern of left ventricular filling just
Table 3. Comparison of Two-Dimensional Echocardiographic
Measurements of Pericardial Thickness by Manual Calipers
From Video Monitor Versus Electronic Calipers
y = lAx + 3.3 0.62
Y = lAx + 2.8 0.63
Y = l.lx + 2.2 0.58
Image dropout-measurements impossible.
described. Our study shows that in constrictive pericarditis,
two-dimensional echocardiography can quantitatively dem-
onstrate the phenomenon of accelerated early diastolic ven-
tricular expansion followed by a late diastolic plateau. At
the end of the first 30% of diastole, left ventricular diastolic
cavity area expansion was invariably more than 50% com-
plete in both animals and patients with constrictive peri-
carditis, as opposed to less than 50% complete in control
dogs and normal patients. This single point, the end of the
first 30% of diastole, completely distinguished the normal
groups from those with constrictive pericarditis.
Left ventricular pressure rise versus cavity area expan-
sion in early diastole. Hemodynamic recordings of left ven-
tricular pressure during diastolic filling in normal patients
typically show a brief phase of rapid pressure rise in early
diastole. Incontrast, the left ventricular cavity area appeared
to expand at a relatively constant rate throughout diastole
in our control animals and patients. We saw this in our two-
dimensional echocardiographic studies, but it was also ob-
served in the single plane angiographic ventricular filling
studies of Tyberg et al. (15, 16) and the biplane angiographic
studies of Schwartz et al. (18) and Miller et al. (19). The
latter investigators (19) found in normal patients that 34%
of left ventricular filling occurred by the end of the first
third (33%) of diastole and 72% occurred by the end of the
second third (67%) of diastole. These values are quite sim-
Table 4. Comparison of Pericardial Thickness Measurements
by M-Mode Versus Two-Dimensional Echocardiography
Manual Electronic
Pericardial Thickness (mm)
Dog Calipers (mm) Calipers (mm) Dog M-Mode Two-Dimensional
2 4 4.7 2 4 5
5 4.5 5 5
3 3 3.3 3 2 3
4 3.7 5 4
4 3 2.7 4 2 3
4 4.8 6 5
5 4 304 5 3 3
5 5.2 4 5
8 3 2.3 8 2 2
7 6.0 7 6
Regression equation: electronic calipers = 0.83 (manual calipers) +
0.58. Correlation (r) = 0.87. (n = 10 measurements in five dogs.)
Regression equation: two-dimensional thickness = 0.8 (M-mode thick-
ness) + 1.1. Correlation (r) = 0.89. (n = 10 measurements in five dogs.)
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sion, whether the latter is assessed by echocardiography (our
study) or angiography (15,16,18,19). However, our left
ventricular area expansion curves do differ from the classic
description of the left ventricular volume curve, which shows
an initial rapid diastolic filling period followed by a slower
filling phase. Some of these differences may be due to
differences in left ventricular compliance or shape, or both,
during diastole. Further study of changes in left ventricular
shape and compliance during diastole by echocardiography
or other imaging techniques may help to reconcile these
disparate findings.
Ventricular cavity area versus volume changes. In this
study, we measured left ventricular cavity area rather than
true ventricular volume changes. This study does not estab-
lish the exact relation between cavity area expansion and
volume expansion. True volume can be calculated from
echocardiographic measurements, but this requires mea-
surements of ventricular length (long-axis apical views) and
area from short-axis views. Simultaneous area and length
measurements. are difficult to obtain by echocardiography,
and such simultaneous measurements would be necessary
for the most accurate volume expansion calculations. Be-
cause the cavity area measurements effectively distinguished
the normal dogs and patients from those with constrictive
pericarditis, we did not attempt to obtain the more difficult
true volume measurements.
Pericardial thickness measurements in constrictive
pericarditis. Schnittger et al. (10) identified M-mode echo-
cardiographic patterns consistent with pericardial adhesions
or thickening and correlated these patterns with surgical
descriptions of pericardial thickening. Although providing
useful information, their study was retrospective and con-
fined to qualitative data; quantitative comparisons between
echocardiographic and anatomic pericardial thickness were
not made. We made such comparisons prospectively and
found that the echocardiographic measurements substan-
tially overestimated the anatomic ones at all gain settings
tested. The correlations between echocardiographic and an-
atomic measurements were not high (r = 0.58 to 0.63),
and there was substantial overlap seen between the control
echocardiographic recordings and postconstriction record-
ings in our dogs. Similar overlap in pericardial thickness
Was found in patients in the M-mode echocardiographic
study of Voelkel et al. (II). The reason for such problems
in the two-dimensional echocardiographic approach is not
established by our study; in part, it may be due to the
presence of pericardial fibrosis, creating a "blooming" ef-
fect on the ultrasonoscope, which may result in spuriously
large echocardiographic measurements. Pericardial thick-
ness measurements might be improved by the use of a higher
frequency transducer with better resolution.
Voelkel et al. (11) found abnormalities of septal motion
in some patients with constrictive pericarditis. We did not
encounter this in either our animals or our patients.
I =so
Control Pis
(n=4)
Constrictive
Pericarditis Pts
(n=4)
I= so
n =8 dogs
* p < .01 vs Control
** p < .001
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ilar to the percent of left ventricular cavity area change
during diastole that we found in control animals and normal
human beings. Thus, in normal subjects the rate of left
ventricular diastolic pressure rise is not identical to the rate
and pattern of diastolic left ventricular cavity area expan-
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LV-Diastolic
Cavity Area
80
100 r-------~----:="-
60
Figure 7. Composite left ventricular (LV) cavity area diastolic
expansion curves in eight dogs in the control state and after de-
velopment of constrictive pericarditis. After constrictive pericar-
ditis was produced, accelerated initial diastolic filling occurred
with 50% of expansion completedduring the first 30% of diastole.
Figure 8. Composite left ventricular (LV) diastolic cavity expan-
sion curve in four patients (Pts) with constrictive pericarditis com-
pared with four normal subjects. Similar to the animal studies,
there was accelerated early ventricular expansion in the patients
with constrictive pericarditis, with 50% of expansion completed
during the first 30% of diastole.
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Constrictive pericarditis versus restrictive cardiomy-
opathy. An often difficult problem in clinical cardiology is
the differentiation of constrictive pericarditis from restrictive
cardiomyopathy. The angiographic study of Tyberg et al.
(16) and the digitized M-mode echocardiographic study of
Janos et al. (17) suggested that correct diagnosis was pos-
sible hy analysis of left ventricular diastolic filling; in pa-
tients with restrictive cardiomyopathy the ventricle filled
more slowly during early diastole than it did in normal
subjects, and far more slowly than it did in patients with
constrictive pericarditis. We identified three patients with
restrictive cardiomyopathy (cardiac amyloidosis) who had
two-dimensional echocardiograms that were technically ad-
equate for analysis. These patients showed variable rates of
early diastolic cavity expansion; only one showed slower
expansion than our normal subjects. These results are equiv-
ocal, and a very small number of patients was studied. To
determine whether two-dimensional echocardiographic
analyses of ventricular filling can discriminate between con-
stricti \ e and restrictive states will require further study.
Conclusion. We found that accelerated left ventricular
diastolic cavity area expansion during early diastole is typ-
ical of constrictive pericarditis in patients and experimental
animals. This characteristic abnormality can be demon-
strated by two-dimensional echocardiography. In contrast,
two-dimensional echocardiography substantially overesti-
mated anatomic pericardial thickness, which limits its clin-
ical usefulness for this purpose.
We thank Linda Mohr and Diane Phillips for their assistance in the prep-
aration of this manuscript. We also thank Anuradha Vaitheswaran for her
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